Wear tests were performed using a ball-on-disc tribological tester. In this study, 42CrMo4 steel disc of hardness 40 HRC co-acted with 100Cr6 steel ball with hardness of 60 HRC. Disc surfaces were created using vapor blasting to obtain values of the Sq parameter close to 5 µm. However, other disc surface topography parameters varied. Dry friction tests were carried out. Wear levels of discs and balls were measured using a white light interferometer Talysurf CCI Lite. It was found that the surface topography had a significant impact on tribological properties under dry sliding conditions. The research also allowed to identify significant dependencies between surface topography parameters and wear.
Introduction
The surface topography is one of the most important factors determining the quality of a surface layer. It defines a set of all overlapping irregularities of surface resulting from the machining processes and wear of materials. The use of all parameters [1] to assess the surface topography in terms of its functional characteristics is not entirely possible. A large simplification, however, is the attempt to assess the surface topography using only one parameter, that often happens in the industrial practice.
Despite the fact that a significant number of works have been made in the field of relationships between surface texture and tribological parameters, dependencies between surface topography parameters and friction and wear are not yet clearly defined [2] [3] [4] [5] [6] .
The results obtained by the authors of papers [7, 8] showed that the roughness amplitude had a significant impact on the transition between various friction regimes. The results of the ball-on-disc studies presented in papers [9, 10] indicate the existence of a correlation between surface topography parameters (in particular Rsk and Rku) and the friction force. The Rsk parameter (skewness of the assessed profile) is the third order moment. It characterizes symmetry of the height distribution. The Rku parameter, which is fourth order moment described sharpness of the ordinate distribution. The Ssk and Sku parameters are three-dimensional extensions of the Rsk and Rku parameters, respectively. The coefficient of friction under dry conditions was lower for higher surface height. However, wear was not investigated in these works. The dependencies between the Ssk and Sku parameters and volumetric wear are presented in [11] . Larger values of the Sku parameter and smaller, negative Ssk parameters led to the reduction of wear volume of smooth steel discs. Grabon et al. [12] also found that the wear of a cylinder liner with a negative skewness was smaller compared to a cylinder liner with a skewness close to 0 with the same value of the Sq parameter (root mean square deviation of the surface height) for both liners.
The influence of the surface topography on the frictional resistance in conditions of fretting wear was studied by, among others, authors of papers [13, 14] . They received a lower coefficient of friction for rougher disc. Different results were obtained by the authors of reference [15] , in which higher values of surface height corresponded to higher values of the friction coefficient. The results of the study of the effect of surface texture on fretting in dry friction conditions are presented in reference [16] . The tests revealed that the initial surface roughness had a significant effect on the obtained results. Especially tribological effects of spatial properties of the surface texture were significant.
Nyman et al. [17] pointed out that by characterizing the surface texture and calculating the several surface topography parameters like the average summit curvature Ssc and rms slope Sdq is possible to predict the remaining lifetime of a sintered friction material in a wet clutch. The authors of [18] showed that the average value of the coefficient of friction in lubricated sliding strongly depended on the mean arithmetical slope of the profile. The authors of paper [19] indicated that the standard deviation of surface height Sq and the summit density Sds were important from the point of view of the frictional resistance. The authors of [20] found a linear relationship between the roughness height of cylinder surface and friction of the cylinder liner-piston ring assembly.
One can see from a literature review that the effect of the surface topography of contacting elements on tribological performances of sliding pairs is uncertain. The aim of this study is to investigate the effect of the disc surface texture after vapor blasting on tribological properties of a disc-ball assembly under dry friction conditions
Materials and Methods
Tribological tests were carried out using the tribological tester T-11 made by Institute for Sustainable Technologies-National Research Institute in Radom (Poland) in a ball-on-disc configuration ( Figure 1 ). The tribological system contained a stationary ball made of 100Cr6 steel with a hardness of 62 ± 2 HRC and a rotating steel disc of 40 ± 2 HRC hardness. Disc material was 42CrMo4 steel. Discs and balls diameters were 25 mm and 6.35 mm, respectively. Vapor blasting using the KIS-900 equipment was the finishing treatment of all discs. Its fundamental technical parameters are as follows:

Working pressure: 0.3-0.7 MPa;  Nozzle diameter: 5 mm;  Abrasive granulation: 0.2-1.0 mm.
During vapor blasting the pressure of the feeding system was set to 0.6 MPa, and the initial flux angle was 60°. Aloxite 95A-60-J was an abrasive material. Its chemical composition included 95% of Al2O3; 2.5% of TiO2; 1.1% of SiO2; 0.3% of Fe2O3, and 1.1% of CaO. Aloxite 95A diameter was 0.3 mm. Duration of vapor blasting for each sample was 4 min. This treatment was performed in such a way to obtain a value of the Sq parameter (root mean square height of the surface) close to 5 µm, while other surface topography parameters varied. Different values of other surface topography parameters were obtained by slight changes of flux angle (between 55° and 65°). Tribological tests were carried out in dry friction conditions at an ambient temperature of 20-22 °C. The sliding speeds were: 0.16; 0.32; 0.48, and 0.64 m/s, the sliding distance-282.6 m, and the normal load-9.81 N. During tribological tests, wear products were removed from the test chamber using compressed air. The number of test repetitions was three. The friction force was recorded during each test, while after its completion the amount of wear was determined using a white light interferometer Talysurf CCI Lite [21] . The measuring area was 3.29 mm × 3.29 mm, the sampling interval in perpendicular directions was 3.3 µm. The measurements of the wear tracks were taken at four positions 90° apart. Then, the profiles were extracted perpendicularly to the wear tracks and the wear cross-sectional areas were calculated using TalyMap Gold 6.0 software. The calculation of volumetric wear of the disc according to Equation (1) was the next step.
VD = πds
(1)
where Sq is the standard deviation for the amplitudes of the surface. This parameter characterizes averaged surface amplitude, its sensitivity on the measurement errors is low. The Ssk (skewness of the assessed surface topography) and Sku (kurtosis of the surface topography) are also height parameters, however, they describe the shape of the ordinate distribution. The combination of the skewness and kurtosis allow to identify steep slopes and deep valleys on the surface. The fastest-decay autocorrelation length Sal, belonging to spatial parameters, describes the character of the surface autocorrelation function. It is a shortest autocorrelation length for which the autocorrelation function decays to 0.2 value in any possible direction. The peak density Spd, which is the feature parameter, is the number of peaks on a unit sampling area. The hybrid parameter Sdq is the root-mean-square value of the surface slope within the sampling area. Both Spd and Sdq are frequently used in contact mechanics. The remaining functional parameters Spk (reduced peak height), Sk (core roughness depth), and Svk (reduced valley depth) characterize heights of three profile parts: Peak, core, and valley, respectively [1] . They are obtained on the basis of the material ratio curve ( Figure 2 ). These parameters are important from the tribological point of view. Table 1 presents selected surface topography parameters according to [1] of tested discs, and Figure 3 isometric views of some of them. (a) (b) Figure 3 . Isometric views of selected discs: S1 (a), S8 (b).
The texture aspect ratio of the disc surfaces Str, not shown in Table 1 , which is the ratio of the fastest to the slowest decays of the autocorrelation function to 0.2 value, was between 0.808 and 0.919, indicating the isotropic character of the tested surfaces. Vapor blasted disc samples were also characterized by the negative skewness Ssk and the value of the kurtosis Sku between 3.34 and 8.78. Figure 4 shows the results of the volumetric wear calculation of the discs (VD), while Table 2 presents the other tribological parameters. For all frictional pairs, volumetric wear of the ball (VB), the friction distance necessary to obtain a stable value of the friction force (DSS), the average value of the friction force (Fav), as well as the value of the friction force obtained for the sliding distance equal to 35 m (F35) are presented The running-in process of all tested frictional pairs was finished for sliding distances between 65 and 109 m. After running-in, the friction force obtained the stable value. The sliding distance of 35 m was chosen to analyze progress of running-in of tribological systems. Figure 5 shows the cross-sectional areas of wear tracks of selected discs. The highest value of wear volume of the discs (VD = 0.411 mm 3 ) at a sliding speed of v = 0.16 m/s was observed for the S8 sample. It corresponded to the highest value of F35 parameter. The value of the friction force obtained after a sliding distance of 35 m was 4.338 N. On the other hand, the smallest value of the VD parameter for the frictional pair with S7 disc was equal to 0.206 mm 3 . In this case the smallest value of the DSS parameter (apart from the S5 disc) was also found. The coefficient of friction µ ranged from 0.83 (disc S7) to 0.89 (disc S4).
Results and Discussion
An increase in the sliding speed to 0.32 m/s caused an increase in the wear volume of the discs. Similar to the sliding speed of v = 0.16 m/s, the highest value of the VD parameter was obtained for the tribological system with the S8 disc, and it was 0.836 mm 3 . The smallest value of volumetric wear was observed when the frictional pair contained S1 disc, and it was 0.508 mm 3 . This value corresponded to the longest distance necessary to obtain a stable value of the friction force (112 m). In this case, the highest average value of the friction force Fav was also observed. At a sliding speed of 0.32 m/s the coefficient of friction µ achieved values from 0.83 (disc S5) to 0.89 (disc S1).
An increase in the sliding speed from 0.32 to 0.48 and 0.64 m/s did not lead to an increase in the volumetric wear of the discs. Moreover, in most cases the VD and VB parameters were slightly reduced. The smallest VD values were calculated for S1 disc (at v = 0.48 m/s) and S7 disc (at v = 0.64 m/s) and they were 0.497 and 0.462 mm 3 , respectively. In both cases, the tribological systems were At a sliding speed of 0.48 m/s, the friction coefficient µ ranged from 0.81 (disc S1) to 0.84 (disc S6), while at 0.64 m/s from 0.79 (disc S7) up to 0.82 (disc S8).
The wear tracks visible on the cross-sectional areas of the discs Figure 5c , d don't have spherical shapes. This may indicate that during the co-acting of the elements, the initial non-conformal contact changed into a conformal [22] . The wear volume of discs was proportional to the volumetric wear of balls; the linear coefficient of correlation was between 0.69 and 0.94.
Surface topography analysis showed the formation of a one-directional (radial) texture after wear tests. The values of the Str parameter obtained after tribological tests were in the range of 6.2%-11.1% being characteristic for the surfaces after abrasive wear. Figure 6 presents isometric views of S4 and S6 discs after investigations and details of worn surfaces of these discs. The Str parameter of the S4 sample was 6.7%, and for the S6 it equaled to 9.9%. Figure 7 presents isometric views of balls co-acting with S4 and S6 discs after tribological tests, as well as slices of worn surfaces of those balls. The Str parameter of the ball co-acted with the S4 disc was 12.6%, while of the ball contacted with the S6 disc was 10.9%. The values of the Str parameter of all balls did not exceed 15%, creating a surface texture similar to that of the discs. The mean square deviation of the surface height Sq was 2.51 µm for the ball co-acting with the S4 disc and 2.34 µm for the ball co-acting with the S6 disc (Figure 7c,d) . Similar to discs with a small surface height [11] , abrasion was the dominant wear mechanism (Figure 8 ) which can be also related to high disc amplitudes. As a result of the co-action between sliding elements, truncation of the summits of the disc surfaces took place, which resulted in the creation of a new anisotropic surface texture. The craters appearing on the disc surfaces were slightly larger compared to the discs with a small surface height [11] . One can also see smooth areas with longitudinal grooves resulting from plastic deformation of disc surfaces. The increase in sliding speed did not cause significant changes of tested disc topographies. Wear of balls was significantly lower than wear of discs. This was caused by higher hardness of balls compared to that of discs. Ball surfaces were very smooth, but the presence of some The coefficient of the linear correlation R was used to search for relationships between tribological and surface topography parameters. The value of the correlation coefficient is in the range [−1,1]. The higher absolute values of R point out the stronger linear relationship between the variables. A strong linear relationship occurring at all sliding speeds was found for the VD-Ssk (skewness) and VD-Sku (kurtosis) pairs. The Ssk parameter informs about the nature of the surface and it is sensitive on occasional deep valleys or high peaks. Zero skewness indicates a symmetrical height distribution [23] . The value of the skewness depends on whether the material is above (negative skewed) or below (positive skewed) the mean plane. The Sku parameter informs about the sharpness of the surface topography ordinate distribution. A value of Sku of 3 indicates a normal
height distribution, if Sku < 3 surface has relative few high peaks and deep valleys; whereas if Sku > 3, it has many high peaks and deep valleys [24] . The coefficient of the linear correlation R between volumetric wear of discs and the Ssk parameter ranged from 0.88 (for v = 0.48 m/s) to 0.92 (for v = 0.16 m/s), while between VD and Sku, from −0.87 (for v = 0.24 m/s) to −0.91 (for v = 0.48 m/s).
Examples of dependencies between wear volume VD and Ssk and Sku parameters at different sliding speeds are shown in Figure 9 .
The lowest values of volumetric wear of the discs were achieved for the minimum values of the Ssk parameter and the maximum values of the Sku parameter. The Sku parameter of the discs was inversely proportional to the Ssk parameter. The coefficient of linear correlation between these parameters was −0.97. This relationship is characteristic for stratified surfaces like plateau honed cylinder texture-the negative skewness Ssk typically corresponds to the high kurtosis Sku [6] . The negative skewness can improve contact conditions by reducing the plasticity index, which in turn can cause the reduction of wear volume. The skewness Ssk is more tribologically important than the kurtosis Sku. The kurtosis is more sensitive to individual peaks or grooves presences [25] . Therefore, the dependence Ssk-VD seems to be more substantial than Sku-VD. Similar results were obtained in [11] and partially in [22] under dry friction conditions and in [12] under lubricated regime. Spk (reduced peak height), and Svk (reduced valley depth). The Svk parameter characterizes the performance of surface in a regime of lubrication while the Spk parameter can provide information on the surface's wear resistance during the running-in (the lower value of the Spk, the greater wear resistance). The roughness height Sk, however, determines the roughness height after running-in and characterizes surface properties in a steady-state period [26] . Depending on the sliding speed, the values of the coefficient of linear correlation R oscillated in the ranges: From 0.82 to 0.88 (for VD and Sk), from −0.76 to −0.85 (for VD and Spk), and from −0.84 to −0.89 (for VD and Svk). Figure 10 shows dependencies between parameters Spk and Svk and volumetric wear VD at sliding speeds v = 0.16 m/s (a), v = 0.32 m/s (b), and v = 0.48 m/s (c). Areas marked in red indicate higher values of the VD parameter, while green color presents areas corresponding to less wear on the discs. Dependencies between the core roughness height Sk and the volumetric wear are shown in Figure 11 . After analysis of the obtained results, one can see that increases in the values of Spk and Svk parameters corresponded to a decrease in the wear volume of the disc (Figure 9 ). However, the effect of the Spk and Svk parameters on the disc volumetric wear seems to be not substantial. The effect of the Spk parameter is important only during running-in and the Svk parameter is related to starved lubrication. The proportionality between the Sk parameter and volumetric wear of disc is probably substantial. The Sk parameter governs tribological properties of machined elements in a steady-state period. One can see from the analysis of Figure 4 that wear depth of disc is a little higher than initial surface height, so the effect of the Sk parameter on disc wear can be important. For all surfaces tested the Svk parameter was higher than the Spk parameter, which is related to the negative skewness Ssk.
The disc volumetric wear VD was proportional to the correlation length Sal (R was between 0.54 and 0.84). This dependence can be explained by the tendency to obtain the higher Sal parameter for the bigger surface height, determined by the Sk parameter. The remaining surface texture parameters: The rms slope Sdq and the peak density Spd were not strongly correlated with tribological parameters. The volumetric wear levels were typically not correlated with parameters characterizing the friction force DSS, Fav, and F35. Only for the highest sliding speed v = 0.64 m/s the average friction force Fav was proportional to wear levels of disc VD and balls VB; the coefficients of the linear correlation R amounted to 0.83 and 0.94, respectively.
Conclusions
The results of the conducted research indicated many significant relationships between surface topography parameters and the tribological properties of tested samples.
Ssk and Sku parameters characterizing the shape of the surface ordinate distribution had significant impacts on the volumetric wear. A decrease in the value of the Ssk parameter and an increase in the value of Sku led to a reduction in the wear volume.
The wear volume of discs was also strongly correlated with the parameters characterizing the areal material ratio curve. It was shown that an increase in the value of the parameter Sk caused an increase in the volumetric wear level.
Wear of balls was proportional to wear of disc. An increase in the sliding speed resulted in a reduction in the coefficient of friction of the tribological system.
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